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ABSTRACT
With OFDM, which is a kind of multi-carrier
systems, it is possible to use a diãerential
coding/diãerential detection either in the time
or frequency domain depending on the condi-
tion of transmission channels with the adop-
tion of DQPSK as a method of subcarrier mod-
ulation. This paper proposes an approximate
derivation method of the bit error rate (BER)
in DQPSK/OFDM systems over frequency non-
selective Nakagami-Rice and Rayleigh fading
channels. The validity of this equation is con-
å rmed from the fact that the BER derived from
this approximate equation coincides with that
from the computer simulation, even when the
system parameters, for example Doppler fre-
quency, Rician parameter and so on, are var-
ied.
1. INTRODUCTION
Intensive research has been conducted on the
adaptation of Orthogonal frequency-division
multiplexing (OFDM) to high-rate wireless data
transmission systems, such as terrestrial mobile
communication, digital terrestrial TV broad-
casting, wireless LAN and so on, because of its
high spectrum eéciency and its resistance to
multipath (frequency-selective) fading [1]. Be-
side the above advantages, however, the bit er-
ror occurs in the presence of carrier frequency
oã set or Doppler frequency shift because of the
inter-carrier interference (ICI) in OFDM [2]-[4].
Actually the approximate equation to calcu-
late the BER in OFDM has already derived
by [5] before this study. However it is in
an integral form and assumes only Rayleigh
fading channels. This paper proposes an ap-
proximate equation to easily calculate the bit
error rate (BER) in DQPSK/OFDM systems
over frequency non-selective Nakagami-Rice and
Rayleigh fading channels. The equation includes
the inç uence of Doppler frequency by intro-
ducing carrier to noise and interference power
ratio (CNIR) which regards the interference
caused by Doppler frequency shift as the Gaus-
sian noise. Furthermore, it is possible to use
a diã erential coding/diã erential detection either
in the time or frequency domain depending on
the condition of transmission channels with the
adoption of DQPSK as a method of subcar-
rier modulation [6]. Therefore the approximate
equations for both domains are derived in this
paper. The validity with this equation is con-
å rmed by the fact that the BER derived from
this approximate equation coincides with that
from the computer simulation, even when the
system parameters, for example Doppler fre-
quency, Rician parameter and so on, are varied.
2. DERIVATION OF BER
In this chapter, we will derive the desired ap-
proximate equation by the following way. First
of all, we analyze the interference caused by
Doppler frequency, and then introduce an ap-
proximate equation of the BER in the single-
carrier systems of DBPSK for the interference
as equivalent additive Gaussian noise [7].
2.1 Eãect caused by Doppler frequency
shift
When the carrier cos(2ôf ct) passes through
the multipath channels, the received signal is
aã ected by Doppler frequency shift fD cosí ,
where fD is the maximum Doppler frequency
and íis the arriving angle of the carrier with
respect to the moving direction of the mobile
terminal. Therefore the received signal r(t)c a n
be expressed as
r(t)=c o s 2 ô(fc + fD cosí )t
= cos(2ôf ct)cos(2ôf Dtcosí )
Ä sin(2ôf ct)sin(2ôf Dtcosí ): (1)If 2ôf Dtcosíú 1, Eq.(1) can be approximated
as
r(t) ò = cos(2ôf ct) Ä 2ôf Dtcosísin(2ôf ct): (2)
Therefore, the second term of Eq.(2) means
the interference caused by Doppler frequency
shift and aã ects the quadrature component by
2ôf Dtcosí. Now we deå ne the duration of the
symbol as T, then the total interference power
I is given by
I =
1
T
Z T
0
(2ôf Dtcosí )2dt =
(2ôf DT cosí )2
3
:
(3)
Since a phase ç uctuation caused by fading has a
uniform distribution between 0 and 2ô, the aver-
age interference power ñ I is derived by averaging
I by ías follows
ñ I =
1
2ô
Z 2ô
0
(2ôf DT cosí )2
3
dí=
(2ôf DT)2
6
:
(4)
The interference power I mentioned above can
be separated into the direct current (DC) and
alternating current (AC) components [5]. The
DC component IDC and the average interference
power ñ IDC can be calculated as
IDC =
†
1
T
Z T
0
2ôf Dtcosí
!2
=( ôf DT cosí )2
(5)
and
ñ IDC =
1
2ô
Z 2ô
0
(ôf DT cosí )2dí=
(ôf DT)2
2
:
(6)
Consequently, subtracting ñ IDC from ñ I leaves the
average interference power of the AC component
ñ IAC as follows
ñ IAC = ñ I Ä ñ IDC
=
(2ôf DT)2
6
Ä
(ôf DT)2
2
=
(ôf DT)2
6
: (7)
Fig.1 illustrates the frequency spectrum of the
interference of the DC and AC components men-
tioned above. By considering the center carrier,
the DC component ñ IDC is the interference to
this carrier and the AC component ñ IAC is that
to adjacent carriers. It is found from the å g-
ure that the DC and AC components can be
ñ IDC
f
ñ IAC
Figure 1: Spectrum of the interference
regarded as co-channel and inter-channel inter-
ferences, respectively. We deå ne the IFFT/FFT
duration as TF, the guard interval as TG and the
symbol duration with OFDM as Ts(= TF +TG),
we will explain the co-channel and inter-channel
interferences in detail.
2.1.1 Co-channel interference
With a diã erential detection, the symbol is de-
modulated according to the phase diã erence be-
tween two consecutive received symbols. Fig.2
illustrates the directions of the diã erential detec-
tion in DQPSK/OFDM systems. As shown in
Fig.2, the symbol #2 is demodulated according
to the symbol #1 with a diã erential detection
in the time domain, which we call "case I". On
the other hand, the symbol #3 is demodulated
according to the symbol #1 in the frequency do-
main, which we call "case II". Fig.3 illustrates
the phase shift caused by Doppler frequency
shift. In case I as shown in Fig.3, the energy
per bit Eb of the signal in I-channel degrades
and the interference to the signal in Q-channel
occurs, because the phase shifts by Doppler fre-
quency shift from #1 to #2 in a symbol dura-
tion Ts. The latter is the co-channel interference
IDC, and then from Eq.(6), the average interfer-
ence power ñ IDC is given by
ñ IDC =
(ôf DTs)2
2
(case I): (8)
We will discuss the degradation of Eb later in
section 2.2. On the other hand, in case II, as
shown in Fig.3, the phase doesn't shift because
symbols #1 and #3 are in the diã erent carri-
ers but are in the same time. Hence, because
the co-channel interference doesn't occur, ñ IDC
is expressed as
ñ IDC = 0 (case II): (9)direction of frequency
(case II)
direction of time
(case I)
Ts
TG T F
GI GI
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t
t
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Figure 2: Direction of diã erential detection
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Figure 3: Phase shift caused by
Doppler frequency shift
2.1.2 Inter-channel interference
The inter-channel interference IAC occurs in
both case I and case II because it is the inter-
ference which leaks from adjacent subcarriers.
Hence, deå ning the FFT duration as TF and us-
ing Eq.(7), the average interference power ñ IAC
is given by
ñ IAC =
(ôf DTF)2
6
: (10)
2.2 Approximate Equation of BER
The approximate equation to give the BER in
the single-carrier systems over frequency non-
selective Nakagami-Rice fading channels is given
by [7]
Pe =
1
f1+J0(2ôf DTs)g
Eb=N0
k +1
+1
f1 Ä J0(2ôf DTs)g
Eb=N0
k +1
+1
+1
Ç exp
0
B
B
@Ä
k
Eb=N0
k +1
Eb=N0
k +1
+1
1
C
C
A(11)
where fD is the maximum Doppler frequency,
J0(x) is a Bessel function of the å rst kind of
zeroth order and k is Rician parameter. The
degradation of Eb mentioned in section 2.1 is
expressed as 1 Ü J0(2ôf DTs) in Eq.(11). Here,
Eq.(11) is the approximate equation to be ap-
plied to the BER in case I. In case II, two sym-
bols are in diã erent carriers but are in the same
time, then Eb doesn't degrade. Hence, the ap-
proximate equation to be applied to the BER in
case II is derived by setting J0(0) = 1 in Eq.(11)
as
Pe =
1
2
í
Eb=N0
k +1
+1
ì exp
0
B
B
@Ä
k
Eb=N0
k +1
Eb=N0
k +1
+1
1
C
C
A:
(12)
The term (Eb=N0)=(k+1) in Eqs.(11) and (12) is
the power ratio of the signal in Rayleigh wave to
the thermal noise. The relation between Eb=N0
and CNR in QPSK is considered and can be
expressed as
Eb=N0
k +1
=( Eb=N0)Ray =
1
2
CNRRay (13)
Here, the subscript "Ray" expresses the power
ratio on the signal in Rayleigh wave. We
deå ne CNRRay added the interference power
mentioned in section 2.1 as CNIRRay,e a c h
CNIRRay in case I and II is given by
CNIRRay =
8
> > > > > > > > > > > > > > > > > > > > > > > > > <
> > > > > > > > > > > > > > > > > > > > > > > > > :
1
CNRÄ1
Ray + ñ IDC + ñ IAC
=
1
í
2
Eb=N0
k +1
ì Ä1
+ ñ IDC + ñ IAC
(case I) (14)
1
CNRÄ1
Ray + ñ IAC
=
1
í
2
Eb=N0
k +1
ì Ä1
+ ñ IAC
(case II) (15)
Consequently, the desired approximate equa-
tions to give the BER are derived by replacing
CNRRay in Eq.(13) with CNIRRay and theninserting (Eb=N0)=(k + 1) to Eqs.(11) and (12)
as
Pe =
1
f1+J0(2ôf DTs)g
CNIRRay
2
+1
f1 Ä J0(2ôf DTs)g
CNIRRay
2
+1
+1
Ç exp
0
B
B
@Ä
k
CNIRRay
2
CNIRRay
2
+1
1
C
C
A
(case I) (16)
with
CNIRRay =
1
í
2
Eb=N0
k +1
ì Ä1
+ ñ IDC + ñ IAC
(17)
and
Pe =
1
2
í
CNIRRay
2
+1
ì
Ç exp
0
B B
@Ä
k
CNIRRay
2
CNIRRay
2
+1
1
C C
A
(case II) (18)
with
CNIRRay =
1
í
2
Eb=N0
k +1
ì Ä1
+ ñ IAC
(19)
where ñ IDC and ñ IAC are expressed in Eqs.(8) and
(10).
Eqs.(16) and (18) are the approximate equa-
tions to give the BER including the inç uence of
Doppler frequency shift. It is conå rmed that the
equation over quasi-static channels
Pe =
1
CNRRay +2
exp
†
Ä
kCNRRay
CNRRay +2
!
(20)
can be derived by setting fDTs = 0 in Eqs.(16)
and (18). In the same way, if k =0i n
Eqs.(16) and (18), the approximate equations
over Rayleigh fading channels are derived.
Table 1: System parameters
Number of FFT point 64
Number of subcarrier 48
Guard interval Ts=4
Modulation of subcarrier DQPSK
Flame timing ideal
Maximum Doppler freqency
normalized by symbol
duration fDTs
0.001, 0.005
0.01, 0.02
Rician parameter k 0,3,6[dB]
3. NUMERICAL EVALUATION AND
SIMULATION
The approximate equations are conå rmed by
comparing the results obtained by the equations
with ones by the computer simulation. Table
1 shows the system parameters of the OFDM
systems where Ts is the symbol duration with
OFDM.
Fig.4 shows the performance of Eb=N0 ver-
sus the BER obtained by the approximate equa-
t i o n sa n db yt h ec o m p u t e rs i m u l a t i o na sp a -
rameter of fDTs over Rayleigh fading channels.
Here, as stated above, case I and case II are
the DQPSK/OFDM systems which a diãeren-
tial cording/diã erential detection is used in the
time and frequency domains, respectively. In
the same way, Figs.5 and 6 show the BER per-
formances adding on parameter of the power
ratio of directwave to Rayleigh wave (Rician
parameter)k over Rician fading channels. Gen-
erally, the faster the fDTs is, the more the BER
performance degrades. Over Rayleigh fading
channels, it is found from Fig.4 that the de-
rived approximate equations precisely express
the characteristics above and that the BER per-
formance in case II is better than that in case
I. This implies that the inç uence of Doppler fre-
quency shift during the symbol duration Ts is
a critical factor which could severely degrade
the BER performance over the frequency non-
selective fading channels. In addition, over Ri-
cian fading channels, as Rician parameter k in-
crease, the BER performance will become bet-
ter. The derived approximate equations can pre-
cisely express those characteristics. In conclud-
ing, we should note that the approximate equa-
tions can precisely express the characteristics of
the BER in DQPSK/OFDM systems over fading
channels.
4. CONCLUSION
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Figure 4: BER over Rayleigh fading channels
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Figure 5: BER over Rician fading channels
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Figure 6: BER over Rician fading channels
(case II)
BER with a diã erential coding/diã erential de-
tection in the time and frequency domains in
DQPSK/OFDM systems over frequency non-
selective Nakagami-Rice and Rayleigh fading
channels. It is conå rmed by the good coin-
cidence of approximate results with simulation
ones that the approximate equations are appli-
cable to a variety of system parameters.
The further directions of this study will be
to derive the approximate equation of the BER
including the inç uence of carrier frequency oã -
set and to derive over frequency-selective fading
channels
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